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This report covers the results of an experinontal investigation of 

the effects of a wolocity gradient on the flemue-torsion flutter speed 

af 4 HAGA 0006 airfoil suspended ty means of springs, 
. es, The presence of the velocity gradient produced ne significant 

“change in the speed ot Vetch the alrfoll camonood nama] solf-exotted 

| ose iations. Oscillations of 2 torsional nature were found to occur at 

" gpeeds considerably below the normal flutter speed. The causes of these 

_ torsional oscillations wore not Sully ascertained, It 1s reasoned 

“hovever thot they were duo to flow conditions other than the presence of 

nine eta 
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I, IN?R@UCTION 

In References 1 and 2 procedures ere civen by meongs of which a 

Bee ibetttce2 speed ean be computed at which components of an aircraft struc~ 

ture will become unstable. This eritical speed is imow as the flutter 

speed, Thus wings, ailerons, vertical and horizontal debilinors, eee, 

es may be designed so that the flutter speed is well above the maxium speod 

_ of the airereft, Another phenosena, Imown es buffeting, is not, hovever, 

Bo easily predictable, Buffoting, a type of forced oscillation of an aire 

3 erat structural component, is ordinarily associated with the vorticity 

present in the wing wake or propeller Slipstream, Design procedures by 

means of which buffeting may be eliminated or reduced in intensity are 

ee os Imown but theories for predicting ite occurrence are incomplete. 

: i | lay An Reference 3, notes that tho nature of tho wing wake has not 
= completely established, Abérashitov, in Reference 4, approximtes 

4 the effoct of the wing whe on the tail by a hamonte disturbance force 

‘but this has not satisfactorily explained buffeting phenonena, Lo, loc, 

e t., approximates the wing wake by o surface of discovtinuity vaich he 

, galls an interface, Across this interface finite velocity and density 

Pe “chances oceur end he determines the effects of this in'erfece on an air- 
. RY 

foil, His assumptions are as follows: 

_———sA,. Phe Anterface is flat, of zero thiclmess, and tends to infinity | 

"4m all directions. 

a 2. The airfoil ourface 1s of infinite aspect ratio, is of small 

- thielness relative to the chord, and has a mean position parallel to the 
ee 
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3. The oscillatory notion of the wing is two-dimensional, peri-~ 

odic, and is of small amplitude relative to the chord. 

4e The flow is incompressible and non-viscous. 

He finds that the effect of this interface ia to reduce the con 

yentional flutter speod and to cause a now flutter phenomena to occur at 

i oC a greatly reduced speed. Ina specifie oxamnie, with the interface 

= -‘leentted in the plane of the airfoil, he finds that instabilities occur — 

: ' b. at speeds of approxinately 90% and 36 of the conventional flutter speod, 

: An attempt was made in this investiration to obtain oxporinontal 

corroboration of Leta results and for this purpose a wind tumel set up 

roe a _ wes designed to provide conditions which corresponded es closely as pos~ 

| se ib gible to Lo's assumptions, It waa realised that an interface such as Lo 

= postulated was unobtainable becauso of the viscous. nature of casca and 

therefore this investigation can not be rogerded as demonstrating that 

Leo's theoretical approach was incorrect. It should rather be rogarded 

S R ap an attempt to discover if the presonce of the voloeity gradient in 

a the neighborhood of the airfoil would lowwr the flutter speed sufficiently 
eal ck here that buffeting should be regarded as a flutter phenomena, If tho 

latter hypothesis is showm to be incorrect then a nore plausible approach 

i. _ is to consider buffeting as the response of an elastie system to a tum 

— bulont flow with statistical methods providing the most suitable aathe- 
aa _ ‘national procedures for handling the problem, Then the shear flow nature 

eS of the ar ee in the caloulation of the 

ian mechanical adnittenca, 
| a ss Phe velocity discontinulty obtained in this investigation was of 

| Bie th satire. of 0 tountiry layer ont consisted of a region sorens wich 

d 
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| the magstbule of the lov veloatty veried fren tat 03 2 the free strean 

| toe omy tt wi The surface of the discontinuity adjacont 

;. to the airfotl, i.0,, the froo-atrean edge of the so-called boundary 

_ layer, ten ulte distinc bowery and woe very my yarciieh to the 

| plane of the airfoil, Within this region the sharpness of the velocity 

Gradient varied, bocomming less steep with domestrecm distance, On the 

Suan, th flaw eaatiy wis rotaed Wy 306 ot tittoas } ind toe 

"the surfaes of the dtscontimtty. It should be pointed out that this 

| telostty emdtent,vhte net areeunchtnc Lots interface in sharpness, ws 

C mnsiderably steoper than any which would be found in the wake of a wing 





Ii, DESCRIPTIGH OF APPARATWS 

An open-rotiwn wind tumel, as described in Reference 5, and show 

g¢henotically in Figure 1, was used for this investigation, Powor ws’ 

supplied ty a conventional automebile engine with a meximm output of 

125 hep. which drove an eicht bladed propeller through 2 transmission 

aupten with thooe goer retdon. The throttle ws actuated by a rever~ 

sible d.c, moter which in turn ws controlled renotely by a two wy 

switch thus permitting tunel velocity variations to be achieved from a 

position adjacent to the test section. 

To inaure steady flow through the test section, o set of screens 

ves nounted at the entrance to the contraction section, Two of the 

 gereens vere made of cheese cloth, while the third was made of 20 mesh 

 @Opper screening, To prevent oseilletions of the encine-propeller 

section from being tranamitted to the test scction a 1) ineh gap ws left 

. between the diffuser section and the fan section. 

A maximum speed of about 65 feet per second and a minimam speed of 

about 10 fost per socond ware obtainable in the test section, 

The speed controlling mechanism ws not entirely adaquzte par~ 

ticularly for test-section velocities betwoen 0 and 20 and between 45 

and 60 feet per second, the specd ranges within which this investigation 

was largely conducted, The attainment of a desired velocity to within 

. he 0.5 feet per second ves frequently a time-consuming process due to the 

tine log between throttle actuation and response af the engine, Specd 

variation for a given throttle setting wes also frequently encountered. 

| The efrfoll, nounted vertically An the test soction was attached 
at either ond to stool springs by neans of clamps. The mowting system 
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is ghown in Pigures 2 and 3, The springs, of 1/2" x 1/16" cross-section, 

passed Uucwaks Mote ;ta the weber and lowe tamed ville, and vere 

clamped to heavy steel clemp supports, The airfoil was thereby given 

two degrees of froedon, It could move in a direction perpendiculer to 

its own plane and rotate about one axis through the centerline of the 

springs. No tendency was observed, even wien the airfoil wos agitated 

by hand, for ite notion to be other than two«ddimensional, In order to 

a maintein a constant tension on the springs, the lower clamp consisted of 

@ herisontel spring flexure which permitted a considerable variation in 

vertical dimensions of the test section to occur with little change in 

 gpring characteristics. 

The MACA 0006 airfoil was of laminated weed construction with a 

9 inch chord and 35 inch aspen. ‘The curve of Lift coefficient vorsus the 

angle of attack 49 given in Pigue 4. The clams at olther ond were 

faired snootily into the contour end provided sufficient clamping action 

to withstand a vertical end lead of more than 75 lbs. The pertinent 

physical constants of the spring-airfoil system nine given in the Appendize, 

In order to stop the violent oscillations of the airfoil when 

‘they occurred restraining bare were provided which could be used to 

force the springs apeinst the tunnel well slot, therely providing a 

positive restraint ocainst airfoil motion. 

Two sote of strain gages wore attached to the uoper spring, one 

set mounted parallel to the spring axis and the other set mountod at 45 

degrees to the axis, The parallel set measured bending strain primrily 

while the skewod set, by means of the proper electrical connection, 

meesured torsional strain, It was not possible to separate completely 
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the two types of strain, particularly in the parallel set. However, 

satisfactory results were obtained since the primary purpose of the 

strain pages wes that of frequency determination, The output of the 

gages was fod through an amplifier te a Heiland Type A400 R-6 recording 

oscillograph, The oscilintions thus appeared ag sine waves on 2 rocord~ 

ing tape on which timing lines spaced .01 seconds apart also appeared. 

‘Thus the detorminction of the frequency of vibration was a simple miter, 

Samle recordings for several types of oscillation are shown in FPiruwre 5, 

The formition of the volecity cradient was aceenplished by means 

of the installation of a sheet eluainum covered shape in the test- 

section, This shape, which will hereafter be called the "barrier", wos 

designed so that it could be easily removed from the test section, and 

Gould be moved both fore-end-eft and sidewise within the tost-seotion. 

A plan viow of the teat-seotion with barrios ond airfoil installed is 

given in Figure 6, 

Throughout the investication the angle of attack of the cirfoil 

wes maintained at zero degrees with respect to the tunnel axis. This 

“was sot originally by mounting the airfoil in ite clamps and then 

- sighting along bench narls on the testesection floor ond coiling. The 

clamp supports wore adjusted mtil perfect alignment was obtained. 

Sidewise and fore-oni-aft alignment ws accomplished in the same manner, 

Clamps were adjusted so that a spring length of 7.5 inches was obtained, 

ey» 





III, TEST PROCEDURE 

see A velocity survey of the worling section of the tunnel with the 
barrier and airfoil removed ig presented in Figure 7, A velocity survey 

of the tunnel with barrier installed is civen in Picures & and 9 for two 

test-section velocities. Tum surveys of the region outside the berricr 

boundary layer were also conlucted., No deviation from Slow parallel to 

me, —— 3 + “ 

the airfoil chordline wes detectable in the higher speed case. leasure~ 

‘nents were, however, insufficiently precise to detect variations of less 

| than five degrees, For the lower speed the tu nethed was camlotely 
inadequate because of the inmffieiont velocity of flow. 

; With tunnel velocity zcre the natural frequoneies of oscillation 

of the flemurel and torsional modes were detominod, The effect on the 

frequencies of the added tension in the springs wes determined by hang- 

“Ang weights on the lover spring, Because of the dynamie coupling between 

the torsional and flexural modes of oscillation, it was found to be 

ss tmpossible to excite one mode without exciting the other and henee to 

ss pbtain direct oseilogravh recordings of the two frequencies, Tisure 

5(d) shows the effect of coupling on strain gage response. It was 

noted that the node, 4.e., the point about which the airfoil oscillated 

as if it had only « torsional degree of freedom, could be easily located 

and that the airfoil could be caused to oscillate about the node, The 

node location was fowsl and the frequency of oscillation recorded on the 

oscillograph, By means of a procedure civon in the Appendix the 

fmdanental frequencies were deduced from these data, The results are 
plotted in Figures 10, Ll, and 12, ; 

eas 
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The flutter speed with and without the barrier installed ws 

deternined using similar procedures. Two definitions of flutter speed 

were used. Tho first ws the lowest tunnel speed at which the airfoil 

broke into euch violent oscillations that the aprings struck the sides 

of the slots through which they passed, The second definition gave the 

flutter speed as the lowest speed at which the eirfoil ccmmonced suail 

regular oscillations. As would be expected the two criteria gave sane~ 

vhot different rosults and are dipeussed in the following section, 

Plutter speeds were determined for the zero tension sonilition 

a with the barricr in several different fore-cnd-aft positions. A control 

flutter specd was established prior to the installation of the barrier 

end checled whon the barrier ws removed. Results of number of runs 
are plotted in Figure 13. During two runs of this type the flutter 

frequency was determined, Results are alse plotted in Figure 13, 

ae It was carly seon that the athwartahips location of the airfoil 

ee end barrier as sham in Pigure 6 was the optimun one in-go-far ag this 

_——sposittiion places the airfoil as close to the velocity gradient es is 

i practical without undue interference from the boundary layer. Tests 
algo showed thet moving the barrier inboard had no noticeable effect on 

flutter speed, | 

Plutter speeds wore also determined with woicghts hung on tho lower 

spring. For two scts of runs the barrier ws removed and for another set. 

‘ ef mee rr nie cand tne set of We etyeedh. ta 

ing edge. Results are plotted in Figure 4. 
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IV, DISCUSSION OF RESULTS 

Figures 8 and 9 show the velocity profiles witich occurred at 

several stations within the test section and alse the boundaries of the 

velocity diseontdimity which are described by lines of constant volocity. 

Inspection of these figures reveals that the attempt to create a 

sharp velocity discontinuity in the airflow was fairly successful, 

perticulariy at the higher tumnel speed, Figure § shows that within a 

range of 7; inch the volocity has changed 30% or more. A comparison of 

Figure $ with Figure 9 shows the decrease in sharpness of the velocity 

grediont which accompanied the deerease in twimel speed. Althowh the 

proper oquiment for stutying the degree of turbulence within the recion 
of the airfoil was wavailable, tests with the type of hotwire being 

used by MacCready and Madden of GAICIT in theiy stuly of atmospheric 

turbulence failed to show any turintlence except in the wakes of the aim 

foil and barrier and in the neighborhood of the airfoil when the airfoil 

wes ogeilisting viclontly. The apperatus had a time constent of 0,01 

seconds, however, and tima would only indicate turbulence of relatively 

. large scale, The previously mentioned tuf surveys showed thet the aire 

flow past the airfoil was fairly straight although it is possible that 

the airfoil ws at sone slight angle of attack vhen the barrior ims in 
place. 

The gurves of Figure 12 desonstrete the close agreement between 

theoretical ani experinental frequency determination especially when the 

springs were under zero tension, and slso the manner in which the 

frequencies changed under tension, It should be noted that the torsional 
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frequency vas constant umder the load while the flemreal frequency 

increased, The offect of the resulting inerease of the ratio of the two . 

froquencies on flutter speed my be seon in Figure 14. This ficure 

shows that the flutter speed reached a ninimm when the frequency ratio 

wes approximtecly one. The theorctical curves of Figure 12 were obtained 

from equations ea derived in the Appendix, The discrepancy which oxiste - 

between the exporinental and theoretioal eurves under load conditions 

Gan be explained ty changes in the relative desree of clamping. As was 

stated previously, it was found to be imposaihle to determine the tor~ 

sional end flexural frequencies by direct measurement due to the dynente 

coupling between the two degrees of froedon. Instead the location of the 

nods point ané the frequency of vibration about the node was recorded. 

Ape ‘These data are plotted in Pigure 10, The frequency curve (sola) in 

Figure 10 aa plotted ean be regarded as the mean between two curves 

(dotted). The deta should have fallen on a smooth curve since the 

accuracy of frequency determination wos of a high order, The fact that 

“almost all the experinontal points lie within a definite area and form a 

pattern within the arca seems to indieste that tho degree of elamping 

pat was not fixed but varied between two limits. The mean frequency curve 

- was used to caleulate the two natural frequencies, (See Appendix.) The 

* 

‘@lamping problen was early recognized as being of great importance and 

_ several, methods vere used in attepte to gain greater uniformity in 

 @lanping ection, Tovard the end of the experimental vork the clans 

"vere even redesigned es shown in Figure 3, bub difficulties persisted and 

no satisfactory solution was found, 

Plutter speed is defined as the lowest speed at which an airfoil 
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with a specified nuaber of degrees of frecdon will becomes unstable. In 

this investigation, a fairly wide rence of speeds were found, on the 

order of 10 feet par second within which oscillations would start of 

themselves, bulid up to a stable amplitude, and die out upon reduction 

of speed. The maximm flexural amplitude was linited by the width of 

the slots in the tunnel walls and when this amplitude wos reached a 

different, more violent type of oscillstion was found to eccur which was 

characterized by larce torsional amplitudes and by the springs strilcing 

the tunnel wills vith considereble force, This type of oscillation, 

milike the more normal type, would not die out of itself wmtil the tunnel 

ppeed was reduced to-a value 10 foat per second less than the minimum 

speed at which even the slichtest oscillations were noticeable, 

An explanation of this phenosenen is suggested by Chuan in 

“Reforonce 6, This author points out that when an airfoil, initially at 

3 low angles of attack, is stalled and metalled perlodically, tho shodding 

of vortices must be periodic and have the seme period as the oscillations, 

and thet this type of oscillation, once started, is no longer controlled 

by the stationary angle of attack and flow velocity but by tho shodding 

- frequency, This would seem to apply te the case under discussion since 

the torsione] emlitude was on the order of 15-20 degrees, well above 

the stalling angle of attack of the NACA 0006 section. It also explains 

why the oscillations contiimed even when the tumel speed was reduced to 

 @ point a good deal below which self-oxcited oseilletions would borin, 

At first the lowost speed at which these violent ceclllations 

took place waa used as the criterion for flutter because 1% wes relatively 

definite and because the strilcing of the twmel walls by the spring could 
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Be both soon and hoard, However, the experimental determination of the 

nature] trequaneles ported an aeourcte theoretical calculation of the 

t Bh Ginter speed bets made, (#00 Appendix) and it was found thet the speed 

of violont oscillations was 15-20 feet per secon! higher than the pre~ 

dicted value, Also, due to the hich iaies of attaak, a portion of the 

airfoil imartabh ponetrated into the regiof of rapidly changing velocity 

during part of each cycle. It ws therefore decided to use as the flutter 

ss Speed the lowest spoed at which the emllest, regular oscillations would 

— eceur, This was eleo a cood deal higher than the predicted value, as 

_ ¢an be seen in Figure 13, but approached it more closely and had the 

 adventage that 4% corresponded better with the usual definition of © 

flutter speed. 

a The min disadvantage to this eriterion lay in ita indefinitencss. 

Tt was frequently difficult te detamine whether or not the snail 
: “ae motions ef the airfoil were regular or whether they vere intermittant 

pee and caused by turbulence in the airflow, This was particularly true when 

| ss _ the barrier ws in place. Although it was not felt that the turbulence 

swag excessive the effect of small flow perturbations at speeds close to 

‘the flutter speed ws cuffieient to send the airfoil into oseillations 
ss whieh died out relatively clovly, an atteapt we nade to analyze signals 

he from the strain gages in an oscilloscope but 4% vas found that the eig~ 

malls which corresponded to cual] oscillations ef the systen required 
*: “amplification in order to boca of any valuo. Equivnent which would do 

Pere this and which would else filter out extraneous signeis from such 

it  gources as the engine ignition syaten vs wneveilable. 

uy Tn the light of the foregoing ergments it is believed that the 
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rather wide range of speeds at which flutter would occur is explained. 

In spite of a good decl of care 1% was not possible to fix the degree of 

Clemping or to determine the speed at which suall oscillations occurred 

with any degree of precision, The effect of these variables is evident 

in Pigwe 13. The large number of points which wore plotted are the 

result of several runs during a11 of which the eonfiguretion of the 

RK i. gysten was kept constant. This inieterminacy vos unfortunate since Lo's 

- rosulte indicated that if the velocity gradient did have on effect on 

the conventional flutter specd, 1% would be relatively emall, 

It 4s to be noted that other investigators appear to have had 

sinilar difficulties, Figure 15, reproduced Prom Figure 15 of Reference 

3, shows a range of oxporimental flutter speeds for 4 given value of the 

neturel frequency ratio rather than any definite speed, An exomination 

of Figure 15 also shows that the experimental flutter speeds were clways 

_ grecter than the theorctical value by anounts averaging 15% of the the~ 

i. | qotionl veins, This may be compared with an average flutter syeod 27% 

higher than the theoretical velue as determined in this investigation, 

ie scsi sins Wi Sed iniellddn Wink i. Sitinines of internal 

__ Srdetion,not token Anto account in the theoretical calculations, is mich 

greater, relatively speaking, in systems designed to flutter at low 

speeds, than it 4s in actual practice where structures flutter at much 

higher spcoeds, Internal friction will always tend to raise the flutter 

speed. 

In this investigetion there were, in addition to the internal 

friction, two other conditions which would tend to raise the flutter 
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speed above the theorctical value as caleulated. The theoretical cal~ 

culations wore nade considering the ecrodynamiec forces to bo constant 

‘ecross the span, In the oxpceriment the effect of the finite svan would 

be to decrease the forces acting on the tip section and hence the totel 

acrodynamic forces acting on the airfoil per mit length of span. In 

addition the airfoil tips were probably in the tunel wall boundary layer 

‘thus further decreasing the acrodynanie forces, It is believed that the 

forecoing consideration explains in a qmlitative mamer at least the 

reason for the larce discrepancy between theoretical and experimental 

flutter speed. 

It is evident then from Figures 13 and 14 that within Mites of 

experinental accuracy no evidence was discovered wWiich would indicate 

_ ‘that the presence of the velocity gradient had any e“fect on flutter 

speed. 

lo, in Reference 3, found that a region of instability might 

possibly exist at vory low speeds, in which oseilictions of a predom 
At and 

inantly floxural nature would occur, funnel speeds betwoen zero,10 feet 

; ; per socond with the trailing edge of the barrier between 3/4 and 1 chord 
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length ahead of the leading edge of the airfoil, oscillations of larze 

emplitude did take place, These oscillations were, however, predominantly 

_ torsional in nature, occurred at tho netural torsional frequency of 

the systen, and ceased completely when the tunnel speod was changed by 

22 fect per second or when the barrier wos moved closer to the airfoil, 

There was insufficient time or equinment available to study in detail 

the flow conditions which accompanied these opeillations, but it is not ° 
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 olMoved that they vere due to the pressnes of the wioclty predtent. 

thes ec apheacan a eae Go i 

‘was actually at some feirly large angle of attack ani that the oscillations 

vere dus to vortex shedding. The wwe of Tyler's Zommta, Hb gins =» K, 

_ elven tn Referonce 7, and assuming ¢ value of &8 dogroos for c cies « 

value of K¥ 14 , (Seo Arpenttx,) This ig in very close acreocent 
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Ve. SONCLUSIONS 

This investigation failed to reveal any significant variations 

in airfoil flutter speed which could definitely be attributed to the 

presence of the velocity discontinuity, Although oscillations were ob- 

served which occurred et timnel velocities much lower then those at 

which conventional fluiter took place, it is believed that these wore ie 

to causes other than the velocity discontimity. It is therefore believed 

thst Lo's results reflect the idealigation of the flow into an interface 

rather than any physical causes of buffeting or flutter, The nogligibly 

gual] changes in the flutter spood point further to the fact that the 

effect of the volocity cradient, of the order of magnitude likely to 

oceur in practice, is smell, so that it is sufficiently accurate to we 

the serodynanie coefficients measured in a wiiform flow in the estinction 

of the mechanical admittance, Such coefficients being vell Imow, it is 

 goneluded that the only relovant data one aust have in order to anclyze 

teil buffeting is the turbulence in the flow in the region of the tail, 

4.e., the turbulence power spectrum and the correlation functions. 

This invostigation, and all the romarks made above, are concerned 

“only with low peed phenonena, Buffeting due to unstable shock wavos is 

of different origin and is not dealt with here, 
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APPEMDIZ 

CALCULATIC’S 

I, AIRFOIL AND SPRING CONSTANTS 

Weight of airfoil = 3.7750 lbs. 

Mess of airfoil « 9,79 210 Une son 

Radi4 of gyration 

about O. ge *= 3.313" 

about @ahe = 3025" 

Length of spring =* 7.7" 

G. fe — center of gravity 

@. &.  Olastic ada 

Crose-eection of springs = 1/16" x 1/2" 

Mass of spring un 1673 x 10% I, Sece 

Total spring masa 1 Sedo x 10% Ib. 

2 

in. 

pote” 
inte 
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II. DETERMINATION OF NATURAL FREQUENCIES OF VIGRATION 

The following eonfiguration is essuned in which the springs are 

built in at both ends and the airfoil is considered stiff as compared to 

Ee ten el 
Considering the equilibrium of a differential length of spring, 

Bq = O = M+ Pix - (mM + Sax) S (- dy) 
Pix - Fede + Sdy = 0 

seainaad dM = py dy 
dx dx? 

Then the differential equation is 

3 d . 

PP a5. Ger PR = OO 

This has the solution 
Px + C, y= C, Cosh qx + CG; sinh as, S 
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The bowxiary conditions are 

y eS. 0 at SiMe? -O 

dy = 0 at x © 0 dx 

a ot A ot i ge eg 
Xx 

Substituting the boundary conditions inte the equétion for y 

y eae ime. ee + sq sinh gx 

4" (cosh og -1) 

; 48 sinh qt 

an 2P.. cosh gt -\ 
y i S sinh q 4 

Taking linit as q Snproaches sore 

g t 
gy ree lh si as A, 

Y eC Sq Ez ary | 

ORL SRR 2 We 7 | 
5 S 12 

dove! hc oe 
ik } 

mo See This agrees with the deflection found by setting 

S*= 0 dn the differential equation, 

The spring constant in flexure is then, talking inte account both 





ak 

springs 

|) See pie Sigh cS RRS aed 
MEY cy [i-2 (tosh 24 =! 

5 q2 sinh qt 

As an example %, is worked out for S = 40 lbs, 

The cross-section of the springs is 

ian B 30 x 20° abs 

Wills 1+ He 

The length of each spring is 7,5". 

ql = 7,5 .362 * 2.71 

ee Ss ee eee h 5 [ 1- 2 ( 4 )] 30.0) 

The flexuwal frequency, ~ » is then: 

Kn ¥ 30.01 3 

|* 2 9.79 ¥i te 

= 55.5 rad, /aec, 

This may bo compared with w, for zero tension on the spring. 

Wy ° = 4262 rot. /a00. 
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2. Enaxcy Nethed 

]-—4 —. 
a a a 

m 

Agmrse a deflection eurve show above, In this ease, lot L ve 

the lenrth of both springs. 

a +12. x Ve Yo Me te 

This eatisfios all boundary conditions. 

&- The potential enorgy due to bending momenta: 

I 2 ‘ 2 

Ma a |™ o3 ds m= EL St 
°o 

b. The potential cnergy due to loads: 

Marl (dos 
c. The kinetic onergy of vibreting spring particles: 

A 

i T= ane ba gpg, ft ome amt 
0 A ®* Area of Soring 

a, The kinetic energy of the airfoil: 

Ls 2 
qT, = Pap Aa 

Performing the indicated integration and equating potential and 

kinetic cnercies ; 

eqm m st(* 
OE Sy RR 

ee 
bay ae Se 
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The miss of the springs may be neglected since it is only 1/30 

of the mass of the airfoil, Por S = 40 Ibs. 

30 x 10° x ql uo x 12 

wi? iS (15)? x 12 x2 x (ie)? 4x 15 

‘Sepa a 

2 

ie Ba Oe es 
¥ 00974 

al = 56.2 rad [sec. 

The eurves of flexural frequenéies versus spring tension are 

plotted on Figure 9. 

B. Zarsional Precuengy 

It is assumed that increases in spring tension vroduces only 

gesond? order effects on the torsional spring constant, 

| From Reference 7, 

3 
Ky = abc G 

L where @ 49 a constant depending on 

the dimensions of the 

cross section 

b long dinension 

C short dimension 

In this case, 6 = 4307 

3 
Kee 1307 x $ x(t) x Mx 10! x2 

1.5 





= 120.1 in. lb. 

The experimental date is plotted in Figure &, 

Congider the following system + 4 

Center of Mass 

Elastic Axis 

Mode Point 

For emall oscillations of the above system, the following equations 

will aoply 

‘s 2 
Potential energy: Ye Ky ($6 -X) 88 x) + Ka g 

° 0 2 
Kinctie energy: eal ma* : A: 

Using La Grange's equations 

BO Ky Be 8% K, Sx + K, 6 = 0 

mar = K, 50 + Ky x = 0 
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The following assumptions are made: 

Be “” - 6 e wt 

be eae e wt 

G w* = <t 

d. uw,” = = 

Assumptions "o" and "a" are volid 4f the mss of the springs is 

gall compared tom. The condition for a node at y 4s 

ah. % oe ee 
as ti ‘J Pie. 

Complicte experimental results were obtaincd for a renge of node points 

guch that y © -= » The ecuntions then reduce to two sinultancous 

ecuations for wr and wp, ° 

2 w 2 gee : 
\+y 

wae = aye ane ys- s*) + w% 

where W isthe frequency of oscillations about tha node, 

Solutions of the above equations for Ww, and w,_ as a funetion of 

spring tension are plottod in Pigure 9, Note that , is independent 

of spring tension. 
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The precedure and symbols used are in accordance with those | 

defined in References 1 and 2. aq 

| 2 i a 
Wy e770 # = 6117, EABGe = .og79 EBeGe” 

1 Phe ins. 

Ko = 6,723 

2 « Tosts 5.333 

Fog, * 3249 [ 

a 4 289 a” ” 0835 + *a™ ,2ll y -~a = 79 

xy = 0622 

K os 20261 {« * 016156 : 

re 1605 », = 44006 

We Sah wi? @ 2959 : 
| 

Wh © 41,5 Ww? = 19722 : 

A, 6.358 : 

Ay, = e789 





whore 

4. * NQ, Na 

fe C., - hy 6 Bye tet aa 

Ag ogee he 

By ’ af, Ta, + a Tey 
Cy rf it FC, 25-3, De 

‘ ae 
"es et Cy - ar) 2 6 ae * oie 
R = 26 

ad id * ye 

tae i + (Aa, - (4400S a ae se a*\2F | 

Ra ence | 
“ee i 

tp 2AR 



¢ 



2s 

a s w7L076 Ap bad 3,6259 Ay = 0 

Re. = «38,7112 Bp = 65.7880 Bg = 42-5919 

I, ” 1.4342 Cp = 290.7866 Gy ad 62.9024, 

To = 20396 %, = Goats =X, = Ll 6 sus 

UA = 2.273 

R ” <7 .215 An * 3.6259 Ag ba 0 

Ro, sad ~38,.590 B, « ~66,.9264, By sa 8.8660 

T= 26676 Oy * 307.079 Og = 74,0281 

Ig * 26789 X = 8.7782 %. = $,660469,7075 

1K_= 2.500 

R= Bel Ag * 3.6299 & = 0 

Re, ms 33.49 Ba * 68.0193 By = 9.9689 

T,, " 1.6875 Cy © 3237591 Oy > 40296 

I ra ie 2548 86%, * Gomes 

The Xj and ¥, are plotted in Figure 16, Tho intersection of the 

X, and XZ, emves give 

Ww = Px Wa — 46.5 cyc SEC Y = ime a, b ee ie fx * Ba toe 
IV. TYLERS FORMULA 

Nb sin 

V 
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.N = Natural frequency of torsional oscillation in cycles/sec 

b = Chord of airfoil in fect 

% = Angle of attack of airfoil 

V = Flow velocity 

1G -\38 

I 
Note that Goldstein, Reference 7, defines the above formula as Nib = K 

where b!? is the width of the body perpendicular to the direction of flow, ° 



fe 

{ 

Aer / 

7 re) ah 



O
M
 

4
9
0
8
 

u O1y9eS 
ssold 

TANNOL ONIM 

SUusaIDS ysolD 

uaaing 

iaddo4y 

o
S
 

—
—
_
—
—
>
]
 

H
O
M
 

+4044 

FIG. | 



ke 

“ ek ee 

‘ 4 ial oe a 

be a 

? 
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a. Flexure and spring clamp 

b. Weights attatched to spring 

Fig. 3 
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Dankworth 

. An investigation of the e*fects 
of a sharp velocity gradient on 
the flexure-torsion flutter 
speed of an airfoil 




